19 Variation in light and temperature can influence the genetic diversity and structure of marine 20 plankton communities. While open ocean plankton communities receive much scientific attention, 21 little is known about how environmental variation affects tropical coral reef plankton communities. 22 Here, we characterize eukaryotic plankton communities on coral reefs across the Bocas del Toro 23 Archipelago in Panamá. Temperature loggers were deployed for one year and mid-day light levels 24 were measured to quantify environmental differences across reef zones at four inner and four outer 25 reef sites: Inner: Punta Donato, Smithsonian Tropical Research Institute (STRI) Point, Cristobal, 26 Punta Laurel and Outer: Drago Mar, Bastimentos North, Bastimentos South, and Popa Island. 27
INTRODUCTION 43
The diversity and abundance of marine plankton communities are well known to be 44 affected by environmental variation including but not limited to temperature, nutrients, and light 45 (Andersson et al. 1994; D'Croz et al. 2005) . While open ocean and coastal plankton communities 46 are relatively well-studied, plankton communities inhabiting oligotrophic tropical coral reefs have 47 received far less attention, even though these reefs experience environmental variations that are 48 likely to structure these communities across space and time. For example, organisms inhabiting 49 different reef zones experience strongly divergent environmental conditions (Varela et al. 2001 ; 50 Castillo et al. 2011; Siegel et al. 2013 ). Inshore reef zones generally experience greater 51 environmental variation associated with changing tidal cycles, increased mean temperatures driven 52 more restricted flow and shallower reef extent, and reduced salinities and increased turbidity 53 associated with freshwater input from rivers and runoff (Lirman and Fong 2007) . Offshore reefs 54 are buffered by the open ocean and thus exhibit clearer seawater with more stable temperatures, 55 resulting in enhanced light penetration generally favoring photosynthetic organisms (Boyer et al. 56 2015) . These physical differences in water quality parameters might be therefore expected to 57 influence the structure of plankton communities on coral reefs. First, because there are species-58 specific thermal optima for plankton survival (Mauchline 1998 ), temperature differences across 59 reef zones may play a strong role in structuring plankton communities. Additionally, as light levels 60 are a major factor affecting phytoplankton growth (Harrison and Turpin 1982; Edwards et al. 61 2016), spatial variation in light availability across reefs can have cascading food web effects that 62 influence the entire ecosystem (Andersson et al. 1994 ; Barrera-Oro 2002) . 63
Shifts in the structure of plankton communities are considered to be robust bioindicators 64 of subtle environmental changes because species that comprise these communities have rapid life-65 cycles that allow for quick responses to environmental perturbations (Hays et al. 2005; Richardson 66 2008). For example, shifts in plankton distributions associated with warming waters were 67 documented in the northeast Atlantic from 1959-2000 (Lindley and Daykin 2005) . Furthermore, 68 storms and upwelling events affect local water chemistry by introducing nutrient runoff from land, 69 which can rapidly change the distribution of plankton, ultimately impacting their behavior and 70 growth (Dunstall et al. 1990 ; Richmond and Woodin 1996) . Plankton are also fundamental to a 71 healthy food web, as they provide energy to higher trophic-level organisms such as marine birds, 72 fish and corals (Fenchel 1988; Frederiksen et al. 2006 ). On coral reefs specifically, plankton are 73 an important source of heterotrophic nutrition to corals. Heterotrophy has been shown to increase 74 coral survival and recovery after heat stress (Johannes et al. 1970 Plankton community surveys began in the early 1800s when the first net suitable for 80 sampling zooplankton was developed (Fraser 1968 Here, we characterized temperature and light environments of eight reef sites on inshore 99 and offshore reef zones across the Bocas del Toro Archipelago in Panamá. We then leveraged 18S 100 ribosomal DNA metabarcoding to gain quantitative insights into how these environmental 101 conditions influence plankton communities across] these two different reef zones. In addition, we 102 also assessed plankton communities at three timepoints (morning, mid-day, and late afternoon) at 103 a single site to explore diel variations in plankton communities. Overall, these data help capture 104 how heterotrophic opportunities on coral reefs might vary across space and time in this region, 105 which can ultimately affect food webs dynamics in these marine environments. 106
107

MATERIALS AND METHODS 108
Abiotic Environmental Conditions in Bocas del Toro 109
To assess environmental differences across reef zones, we characterized thermal and light P-value indicates that inshore reef sites are significantly warmer than offshore reef sites. Drago 134
Mar is additionally indicated with a * to correspond with Figure 2B . 135 136 with the exception of Cristobal due to consistently overcast conditions. For the remaining sites, 142 PAR levels were measured every thirty seconds between the hours of approximately 10 a.m. and 143 2 p.m. on sampling days. To account for variations in daily cloud cover, only the maximum twenty 144 PAR measurements collected from each site were used to compare differences across reef types 145 and reef sites ( Table 2) . A one-way ANOVA (R Development Core Team 2018) was used to test 146 for differences in mean light level and daily maximum temperature across reef zones (Fig. 1C, B ). 147 148
Plankton Community Collections and 18S Metabarcoding Preparations 149
Between 27 May 2015 and 5 June 2015, three replicate vertical plankton tows were 150 conducted at each of the eight sites using a plankton net with 0.5 m diameter and 60 μm mesh 151 filter. Filtered water was then passed through an additional 100 μm filter to concentrate collections 152 and samples were preserved in 200 proof ethanol at a volume of 50 mL. Samples were brought 153 back to the laboratory at the University of North Carolina at Chapel Hill and maintained at -20C 154 until DNA isolation. 155
Two replicate DNA isolations were completed for each plankton tow following the 156 extraction method described in Davies et al. (2013) . A subset of each well-mixed plankton sample 157
(1.5 mL) was centrifuged to pellet plankton, after which ethanol was decanted. Plankton were then 158 immersed in DNA digest buffer (100 mM NaCl, 10 mM Tris-Cl pH 8.0, 25 mM EDTA pH 8.0, 159 0.5 % SDS 5 μL Proteinase-K) for 1 hour at 42C followed by a standard phenol-chloroform 160 extraction procedure. In brief, an equal volume of 25:24:1 buffer-saturated 161 phenol:cholorform:isoamyl alcohol (PCA) was added to the sample, centrifuged, and the resulting 162 aqueous layer was separated. PCA separation was repeated two additional times to further clean 163 the sample and reduce PCR inhibition. DNA was precipitated using 100% ethanol and 3M NaOAc, 164 rinsed with 80% ethanol, and then resuspended in 50 μL milliQ water. DNA concentrations were 165 quantified using a Nanodrop (model ND1000, Thermo Scientific) and all extracts were visualized 166 on 1% agarose gels to assess DNA integrity. analyses. Scripts for all environmental and sequencing analyses and all environmental data can be 197 accessed at https://github.com/rachelwright8/planktonCommunities. We implemented the dada2 198 package to characterize plankton community genetic diversity and structure (Callahan et al. 2016). 199 First, FASTQ files were trimmed for sequence lengths of 250 bp for forward reads and 200 bp for 200 reverse reads based on quality of reads. The first 24 bp from forward reads and 19 bp from reverse 201 reads (representing primer sequence) and all base pairs with quality scores less than or equal to 202 twenty were truncated from all reads. Identical reads were dereplicated, then matching forward 203 and reverse reads were merged. Merged sequences with lengths outside the 365-386 bp range were 204 removed from the analysis as likely products of non-specific primer binding. Chimeric sequences 205 were also removed, resulting in a total of 39% of the original reads remaining (ESM Table 2 
Divergent Environmental Conditions across Bocas del Toro Reef Zones 238
Temperature loggers were retrieved from five of eight sites. Maximum daily temperatures 239 over the first two weeks of deployment were significantly higher at inshore sites than offshore sites 240 (p < 0.001; Fig. 1C ). Average temperature and standard error for the first two weeks of deployment 241 at inshore sites was 30.02 ± 0.07°C while the offshore sites had an average of 29.37 ± 0.08°C. The 242 top twenty PAR values (μmol photons m -2 s -1 ) recorded at each site show that in situ light levels 243 at inshore sites were significantly lower (438 ± 38 μmol photons m -2 s -1 ) than offshore sites (1213 244 ± 54 μmol photons m -2 s -1 ) (p < 0.001; Fig. 1B ). Overall, inshore sites are warmer and experience 245 lower light levels when compared to offshore sites on Bocas del Toro reefs. 246 
Plankton Communities Do Not Differ Across Reef Zones 253
Principal coordinate analysis (PCoA) revealed that overall plankton communities were not 254 significantly different (p = 0.256, Fig. 2A ) between inshore and offshore reef zones. Also, inshore 255 and offshore reef zones did not differ in mean Shannon's Index of Diversity (H) (p = 0.178) or 256 mean Simpson's Index of Diversity (D) (p = 0.19) (Fig. 2B&C ). Although overall plankton 257 communities did not differ by reef zone, there were several taxa significantly enriched in either 258 inshore or offshore reef zones (N = 18), with inshore reef sites exhibiting enrichment of 4 taxa 259 compared to offshore sites exhibiting enrichment of 14 taxa (Fig. 2B ). In particular, three out of 260 the four enriched taxa in the inshore sites were photosynthetic organisms (highlighted in green 261 text; Fig 2B) . It is also worth noting that Drago Mar exhibited taxa abundance profiles more similar 262 to inshore sites (starred samples; Fig. 2B ), which is interesting given its relative proximity to shore 263 relative to other offshore sites (Fig. 1A) . 264 were no statistical differences in diversity across reef zone. 277
No Reef Site-specific Differences in Plankton Communities 278
PCoA grouped by individual reef site indicated that there were no significant differences 279 in plankton communities across individual sites (p = 0.509; ESM Fig. S2A ). Furthermore, no 280 significant differences in diversity between sites based on mean Shannon's Index of Diversity (p 281 = 0.297; ESM Fig. S2B ) or mean Simpson's Index of Diversity (p = 0.385; ESM Fig. S2C) were 282 observed. For diversity indices, means for most sites ranged from 6.05-6.06 for Shannon and 283 0.99725-0.99727 for Simpson, with the exception of Popa Island, which exhibited the lowest mean 284 diversity for both indices (Shannon: 6.04, Simpson: 0.99720; ESM Fig. S2B, C) . 285 286
Time of Day Significantly influenced Plankton Community Composition 287
PCoA analysis partitioned by time of day revealed that there was a significant shift in 288 plankton community structure across different times of day at STRI Point (early, mid-day, and 289 late; p = 0.003; Fig. 3A) . These time course differences were driven by mid-day plankton 290 communities, which were distinct from plankton communities observed at early and late times of 291 day (Fig. 3A) . Plankton samples collected mid-day exhibited the least variation in community 292 composition between its three replicate tows (Fig. 3A) . However, these differences in overall 293 plankton community were not the result of changes in diversity given that neither the Shannon's 294 Index of Diversity (p = 0.607) nor the Simpson's Indexes of Diversity (p = 0.552) showed 295 significant differences in plankton community diversity across time of day (Fig. 3B, C) . Heatmaps of the most differentially abundant ASVs highlight the taxonomic orders driving 307 the observed overall community shifts between sampling timepoints (Fig 4A, B) . We observe 
Plankton Community Show Few Differences Across Reef Zones 341
Although we observed significant differences in light and temperature across inshore and 342 offshore reef zones (Fig. 1) , these environmental variations did not correspond with overall 343 differences in plankton communities (Fig. 2) . This result is surprising given that on larger scales, 344 it has been estimated that variation in sea-surface temperature explains roughly 90% of the 345 geographic variation in plankton diversity throughout the Atlantic Ocean (Rutherford et al. 1999) 346 and it has been shown that plankton communities can be affected by even finer-scale 347 environmental variations including depth, temperature and trophic state of the water (i.e. 348 particulate concentration, nutrients, and chlorophyll-a) (Owen 1989 ). This lack of plankton 349 community structure observed here may suggest that the processes structuring plankton 350 communities in this archipelago operate at much larger spatiotemporal scales than the scale 351 investigated here. However, there are also several confounding hypotheses that may serve to 352 reconcile these results. 353
First, the results presented here are based solely on sequencing data from three single point 354 measurements in space and time on a single day at a specific reef site. With the exception of STRI 355 Point, we do not consider temporal changes at these sites across days, and it is possible that our 356 point collections do not accurately represent the average plankton community observed at these 357 sites. Given that previous work has shown that kinetic properties of water influence planktonic 358 organization (Mackenzie and Leggett 1991) and marine plankton communities can be more 359 dispersed in high-energy, turbulent environments (Haury et al. 1990) , it is possible that weather 360 related influences during the days of sampling (e.g., wind) could have acted to homogenize 361 plankton communities across sites. It is also possible that samples taken in a different season, as 362 in the study by (Huang et al. 2004 ) could yield different results. Furthermore, our collections were 363 also conducted using a 60 µm net, which excludes the sampling of smaller organisms, so it is also 364 possible that community differences exist at smaller size fractions that were outside of the scope 365 of this study. Lastly, we only measured temperature and light to assess environmental differences 366 across reef zones and it could be that other physical and biochemical properties that were not 367 measured here are stronger drivers of these tropical coastal plankton communities, like nutrient 368 Another important consideration is that sequencing plankton communities introduces its 371 own set of caveats, including the fact that rDNA copy number per cell varies by orders of 372 magnitude across unicellular eukaryotes (e.g., dinoflagellates and ciliates) (Weider et al. 2005; 373 Gong et al. 2013). Therefore, caution must be exercised when interpreting organism abundance 374 based on rDNA sequence abundance. Variation in rDNA copy number can even occur within a 375 species and a recent single-cell sequencing study found that rDNA and rRNA copy number scaled 376 with cell size in two ciliate species (Fu and Gong 2017) , so variation in plankton size, which was 377 not measured here, could have influenced relative abundances. Equally plausible, plankton 378 communities across these sites may be homogenous but the functional processes within each group 379 of taxa may differ transcriptionally across sites, which has been previously observed in diatoms in 380 response to iron availability (Cohen et al. 2017 ) and in dinoflagellates in response to light 381 environment (Davies et al. 2018 ). We also leveraged 18S rDNA sequencing, which is known to 382 be highly conserved across taxa, but this single locus approach overlooks any sort of within-species 383 population genetic differences that may exist between sites (Rodríguez et al. 2005; Martiny et al. 384 2009). 385
Given these caveats, we propose that future studies should couple more traditional 386 microscopy techniques with 18S rDNA sequencing and perhaps consider a multidisciplinary 387 approach incorporating metatranscriptomics or population genetics of specific taxa of interest in 388 order to capture potential ecological and functional differences between plankton communities 389 across reef zones. 390 391
Time of Day Played a Role in Structuring Plankton Communities 392
Despite not finding differences in overall plankton community structure across reef zones, 393 we did observe differences across time of day within the STRI Point site. We observed differences 394 in overall community structure (Fig. 3A) , reduced variation in diversity indices (Fig. 3B,C) , and 395 differentially enriched taxa over the course of the sampling day (Fig. 4A,B) , which are all likely 396 the result of diel vertical migration (DVM) of both phytoplankton and zooplankton. DVM is the 397 movement of plankton and fish vertically in the water column over a daily cycle. For zooplankton, 398 these movements are most commonly (but not always) up to the surface at dusk and back to the 399 deeper waters at dawn (Lampert 1989; Ohman 1990; Brierley 2014 ) in order to avoid predation 400 pressures (Ohman 1988; Lampert 1989) . Planktivorous fishes are visual hunters, and most species 401 inhabiting nearshore environments have been found to feed during the day, thus exerting a diurnal 402 predation pressure on plankton (Morgan 1990 ; Motro et al. 2005) . Predation pressure of 403 planktivorous fishes on zooplankton is also strong on coral reefs (Hamner et al. 1988 ), and has 404 been shown to drive vertical patterns of zooplankton in these habitats (Motro et al. 2005) . 405
Specifically in Bocas del Toro, Kerr et al. (2014) demonstrated that predation risk is higher during 406 the day than at night for Artemia franciscana nauplii. However, the temporal gradient in planktonic 407 predation risk was dependent on prey life history stage (i.e., size), as adult A. franciscana did not 408 show predation differences across the diurnal cycle (Kerr et al. 2014 ). While the "normal" 409 zooplankton migration is considered to be ascending in the evening and descending in the morning, 410 examples of "reversed" migrations are also common (Lampert 1989; Ohman 1990) , with migration 411 patterns varying by whether predation pressure is from visually hunting planktivorous fishes or 412 nocturnally feeding zooplankton (Ohman 1990 ). Here, we find evidence for both normal and 413 reversed patterns of zooplankton migration at the STRI Point site, with some zooplankton taxa 414 enriched at mid-day and some enriched earlier/later in the day. 415
We also found evidence of phytoplankton DVM in Bocas del Toro, as some taxa were 416 enriched at mid-day and some were enriched in either the morning or evening. Phytoplankton 417 DVM is generally understood as a mechanism for these organisms to optimize light and nutrient 418 gradients, therefore moving into shallower waters during the day to photosynthesize and moving 419 deeper in the water column at night to uptake nutrients (Raven and Richardson 1984; Ault 2000) . 420
As photosynthetic characteristics of phytoplankton vary, optimum depth and migration pattern 421 varies by the underwater light pattern and the organism being considered (Ault 2000) . As with 422 zooplankton, we found evidence of both the normal migration and reversed migration patterns. 423 Some phytoplankton sampled appeared to be migrating up to surface waters at mid-day (e.g., 424
Bacillariophytina [diatoms], Syndiniales, and Peridiniphycidae). However, other taxa (e.g., other 425 Bacillariophytina and Zoantharia [zoanthids]) were enriched in the morning/evening, suggesting 426 that they were migrating away from surface waters during mid-day ( Fig 5) . This reversed pattern 427 is likely evidence of these organisms migrating away from high noon-time irradiance in order to 428 avoid photoinhibition (Anderson and Stolzenbach 1985; Kingston 1999; Flynn and Fasham 2002) . 429
However, as our analyses can only distinguish to the level of Order, it is difficult to interpret the 430 factors influencing the patterns observed for both phytoplankton and zooplankton. 431 and productivity of the oceans, but can also serve as sensitive indicators of climate change. As 447 plankton communities shift in response to climate change, the availability of energy for other 448 trophic levels will also shift, which will undoubtedly modulate food web dynamics. Therefore, a 449 more comprehensive description of baseline plankton communities provided by studies like the 450 one presented here are needed before we can make accurate projections of what impacts these 451 climate-mediated shifts in plankton communities will have on future reefs. 
